There have been many studies on the effects of hypoxia on energy metabolism in the brain. Results have shown that the cerebral ATP level remains almost constant until the inspired oxygen content (FiO2) decreases to 4% (1), or the arterial oxygen pressure (PaO2) to (2, 3) , although the creatine phosphate (P-Cr) level decreases and lactate accumulates at an FiO2 of 7% (1) and PaO2 of 35-40 mmHg (2, 3) . These results indicate that energy balance is well maintained even in severe hypoxia. Consistent with this, many laboratories have reported the existence of compensation mechanisms, such as decrease in energy demand (4, 5) , acceleration of glycolysis (6, 7) , and increase of cerebral blood flow for increasing the supply of oxygen (8) (9) (10) . As Johannsson and Siesjo pointed out, increase in the efficiency of the oxygen supply system seems the most significant compensatory mechanism for meeting the cerebral energy demand under hypoxia (9), although lactic accumulation or activation of anaerobic glycolysis are marked features reflecting a decrease in oxygen consumption (6) . However, under severe hypoxia, the energy balance cannot be maintained for long and the cerebral ATP level decreases, leading to death (11) . There are no reports on how this energy failure occurs and proceeds, leading to death.
Recently, near-infrared spectrophotometry has been shown to be very useful for analyzing the state of oxygena tion of hemoglobin and the redox state of cytochrome oxidase in uivo (12) (13) (14) (15) (16) (17) . In the present study, we used this method to follow changes in oxygen metabolism in hypoxic mouse brain, where in spite of increased blood flow during hypoxia, cytochrome oxidase was gradually reduced and reached the level of complete reduction at death. We also analyzed changes in the cerebral levels of high energy compounds under various conditions. The results showed that anaerobic glycolysis, even when increased severalfold, contributed only in small part to the total cerebral energy demand, which must be mainly supplied by aerobic metabolism even under severe hypoxia. The decrease in the cerebral ATP level in the late stage of severe hypoxia, which led directly to death, was found to be caused by decrease in oxidative phosphorylation activity due to the reduced oxygen supply.
MATERIALS AND METHODS
Animals and Sampling Procedures-Adult male ddY mice, weighing about 20g, were maintained with free access,to standard laboratory chow and tap water. Hypoxic conditions were introduced without any anesthetic, by placing the mice in a chamber (about 500ml) connected to a mixed gas cylinder that supplied a mixture of oxygen and nitrogen at a constant flow rate of 1.5 liters/min. For induction of anesthesia, sodium pentobarbital (Nembutal, Abbott Laboratories, U.S.A.) at a dose of 30mg/kg body weight was injected intraperitoneally (i.p.) 10min before The spectral changes at 800-900nm were the sum of those due to hemoglobin and cytochromes (15 examine how its activity was increased severalfold imme diately after induction of hypoxia. Little change was observed in the level of fructose-2,6-bisphosphate, a potent activator of fructose-6-phosphate kinase, but the cyclic AMP level increased severalfold under hypoxia, indicating involvement of protein phosporylation in the initiation of the Pasteur effect in the brain (Table II) .
Effect of Pentobarbital Anesthesia-Hypoxic attack is known to be effectively alleviated by anesthesia. Pentobar bital anesthesia is reported to reduce the demands for ATP (4-P) and oxygen (28) . Actually, under our conditions of anesthesia, the rate of consumption of ---P was significantly reduced to 75% of that in untreated mice (Fig. 2) , and the survival time under 4.4% 02 was increased more than 2-fold ( Table 1) . The cerebral ATP level changed little until about 2 min before death, as observed in the case of untreated animals (Table III) . In anesthetized mice, accel eration of anaerobic glycolysis was significantly less than in controls, and its contribution to the total synthesis of ATP was about 13%. Thus, pentobarbital anesthesia probably prolonged the survival time of mice by causing continuance of oxidative phosphorylation, which supported 87% of the energy demand. However, in the late phase, the supply could no longer meet the demand because of the limited supply of 02 to the brain under hypoxia at 4.4% O2.
Changes in the Oxygenation State of Cerebral Hemo globin and Redox State of Cytochrome Oxidase after Induction of Hypoxia-Since decrease in the cerebral ATP level in the late phase of severe hypoxia was probably caused mainly by an insufficient energy supply from the oxidative phosphorylation system, we examined the changes in the redox state in pentobarbital-anesthetized mice by the near-infrared spectrophotometric method. Figure 3 shows typical spectral changes from the time of induction of hypoxia until death at 12.7 min. The spectrum a Mouse brains were frozen immediately after death.
obtained 15 s after induction of hypoxia indicated predomi nantly deoxygenation of hemoglobin and a slight reduction of cytochrome oxidase, judged from the blue shift of the intersecting point from the isosbestic point at 805 nm. Then deoxygenation of hemoglobin proceeded and was almost complete at 2.5 min. During this period, reduction of cytochrome oxidase also proceeded, as judged from the further blue shift of the intersecting point and the decrease in absorbance between 800 and 860 nm (Fig. 3a) . From 2.5 to 5 min, the intersecting point shifted gradually to longer wavelengths, indicating increase in the total amount of hemoglobin due to increase in cerebral blood volume (Fig.  3b ). Subsequently little change was observed except for decrease in absorbance at about 830 nm, probably due to further gradual reduction of cytochrome oxidase (Fig. 3c) . After death, the spectra moved in parallel to shorter wavelengths, indicating decrease in blood volume and complete reduction of cytochrome oxidase (Fig. 3d) . From the series of spectra, the changes in oxygenation state of cerebral hemoglobin were calculated by applying the for mula of Seiyama et al. (14) , and are plotted in Fig. 4 . The plots show the changes in oxygenation state of hemoglobin a little more precisely, but the pattern is approximately the same as that described above. The maximum level of deoxygenated hemoglobin, which was reached in the middle phase of hypoxia, seemed to represent the state of full deoxygenation, because the spectral changes do not reflect the arterial but predominantly the venous phase (14) . Figure 4 also shows changes in the total amount of hemoglo bin, calculated from the sum of the changes of deoxy-and oxyhemoglobin (14) . The curve represents change in cerebral venous blood volume.
The spectral change corresponding to the redox state of cytochrome oxidase was calculated by means of the formula of Hazeki et al. (16) . Reduction of cytochrome oxidase proceeded in the first 2.5min, followed by slow reoxidation until about 5 min, probably due to slight increase in the oxygen supply. Then the cytochrome was again reduced and its reduction continued more slowly until death, indicating gradual decrease in the oxygen supply. The slight reduction observed after death may indicate complete reduction due to cut-off of the oxygen supply (Fig. 5) .
DISCUSSION
In the brain, glucose is the sole substrate for production of ATP. Under aerobic conditions, glucose is oxidized almost completely to carbon dioxide and water, whereas in hypoxia or ischemia, lactate accumulates due to acceleration of glycolysis (29) . In the present study, we analyzed the changes in levels of compounds that are related to energy metabolism under severe hypoxia and found that oxidative phosphorylation is essential for ATP supply and that its shortage due to hypoxia cannot be compensated for fully by anaerobic glycolysis, even in hyperglycemia. Lowry et al . (22) reported that in complete ischemia, in spite of 7-fold acceleration of glycolysis, ATP synthesis by anaerobic glycolysis could meet only 29% of the demand, and that the cerebral levels of ATP and creatine phosphate were deplet ed within about 1min. Under our conditions at 4 .4% 02, the ATP level was maintained for 3 min until about 1min before death. In these conditions, a 3.5-fold increase of glycolysis was observed, but anaerobic ATP production met only about 20% of the demand. Thus, the remainder must have been supplied by oxidative phosphorylation , the activity of which decreased gradually in the late phase of hypoxia due to decrease in oxygen supply from the blood and finally became unable to meet the energy demand. The rate of ATP utilization in the brain is so high that slight imbalance due to shortage of its supply probably caused rapid decrease in the cellular ATP level. From our results , this shortage of supply could be accounted for by progres sive reduction of cytochrome oxidase, or in other words, decrease of tissue oxygen.
Since the pioneering work by Jobsis (12) and its development in Tamura's laboratory, analysis of transmit ted light in the near-infrared region (700-900nm) has been used to study changes in the state of intracerebral hemoglo bin and cytochrome oxidase in rat brain (13, (15) (16) (17) . Using this method, we observed that in mouse brain cerebral hemoglobin was quickly deoxygenated after induction of hypoxia, and was soon deoxygenated completely in venous blood. The method used did not provide any information on changes in the oxygenation state of hemoglobin in arterial blood (14) . Direct analysis of blood gas of SD rats revealed that the arterial oxygen tension decreased rapidly from 120 to 23mmHg when the 02 level was reduced to 4.4%, but that this level of oxygenated hemoglobin was then maintained until death (H. Ueda, unpublished data). We could not measure the arterial oxygen tension of mice, but it prob ably showed a very similar change under 4.4% O2. Thus, under 4.4% O2 the oxygen carried in arterial blood would have been less than a quarter of that in normoxia, and was probably used up in the hypoxic brain.
Monitoring of the redox state of cytochrome oxidase was a little more difficult than that of the oxygenation state of hemoglobin, because the infrared peak of its oxidized form is broad (30) and spectral changes were affected by changes in deoxygenation of hemoglobin and in blood volume. In the hypoxic mouse brain, cytochrome was observed to be reduced very slowly in the middle phase of hypoxia and to be almost completely reduced at death, implying a gradual decrease in the oxygen supply during the middle phase of hypoxia. This was very curious because in this phase of hypoxia the oxygen tensions in the artery and vein were unchanged. The discrepancy between changes in blood oxygen tension and the redox state of cytochrome may be explained by decrease in cerebral blood flow. Actually, decrease in the arterial CO2 pressure during severe hypoxia is reported to have adverse effects on the blood pressure (2, 31) . However, the mechanism of decrease in oxygen supply in the late phase of hypoxia is still controversial and requires study.
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